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In this article we address the causes of the large-scale tropical sea level pressure 13 
(SLP) changes during climate change. The analysis we present is based on model simula-14 
tions, observed trends and the seasonal cycle. In all three cases the regional changes of 15 
tropospheric temperature (Ttropos) and SLP are strongly related to each other (consider-16 
ably stronger than (sea) surface temperature and SLP). This relationship basically fol-17 
lows the Bjerknes Circulation Theorem, with relatively low regional SLP where we have 18 
relatively high Ttropos and vice versa. A simple physical model suggests a tropical SLP re-19 
sponse to horizontally inhomogeneous warming in the tropical Ttropos, with a sensitivity 20 
coefficient of about -1.7 hPa/K. This relationship explains a large fraction of observed 21 
and predicted changes in the tropical SLP. 22 
It is shown that in climate change model simulations the tropospheric land-sea 23 
warming contrast is the most significant structure in the regional Ttropos changes relative 24 
to the tropical mean changes. Since the land-sea warming contrast exists in the absent of 25 
any atmospheric circulation changes it can be argued that the large-scale response of 26 
tropical SLP changes is to first order a response to the tropical land-sea warming con-27 
trast. Further, as land-sea warming contrast is mostly available moisture dependent, the 28 
models predict a stronger warming and decreasing SLP in the drier regions from South 29 
America to Africa and a weaker warming and increasing SLP over the wetter Indo-Pacific 30 
warm pool region. This suggests an increase in the potential for deep convection condi-31 
tions over the Atlantic Sector and a decrease over the Indo-Pacific warm pool region in 32 
the future. 33 
  34 
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1. Introduction 35 
The Fourth Assessment Report of the Intergovernmental Panel on Climate 36 
Change (IPCC) predicts a substantial global warming with a well-defined 3-dimensional 37 
spatial pattern in atmospheric temperatures for future anthropogenic climate change. 38 
How the tropical sea level pressure (SLP) and atmospheric circulation changes in re-39 
sponse to these atmospheric temperature changes is the focus of this study.  40 
The atmospheric temperature response to increasing greenhouse gas concentra-41 
tions in the tropics has two important large-scale features: a vertical increase in warm-42 
ing of the troposphere and a land-sea warming contrast. The vertical increase in warm-43 
ing in the tropical troposphere is associated with the enhanced hydrological cycle (Held 44 
1993; Held and Soden 2006) and is accompanied by a weakening of the large-scale trop-45 
ical circulation (Vecchi et al. 2006; Vecchi and Soden 2007; Vecchi et al. 2008). The 46 
second feature, which is not restricted to the tropical regions, is the marked land-sea 47 
contrast of surface and low-level warming, i.e. a (stronger) heating over land relative to 48 
the oceans. This is not just a transient effect caused by difference heat capacities of land 49 
and oceans, but is due to differences in feedbacks related to the available moisture 50 
(Sutton et al. 2007; Joshi et al. 2008; Dommenget 2009).  51 
How land-sea contrast is generated is illustrated in Joshi et al. (2008): Above a 52 
certain level in the middle troposphere the warming is more or less horizontal uniform 53 
due to a strong mixing of these air masses (see also Fig. 1a upper  levels). Below this lev-54 
el, local feedbacks dominate the lapse rate and the warming. Due to more available la-55 
tent heat the lapse rate is lower where the moisture content is higher and vice versa, 56 
with the dry adiabatic lapse rate as upper boundary. Thus starting at the same tempera-57 
ture in the middle troposphere and following a moisture dependent adiabat we yield a 58 
higher surface temperature at drier air columns and lower surface temperature at wet-59 
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ter air columns. Available moisture is limited over land, so that we get in general a 60 
stronger warming over land than over ocean, thus a land-sea warming contrast. Thus 61 
the terminology “land-sea contrast” can be a little bit misleading, because it is mostly an 62 
“available moisture contrast”.  63 
Important aspects of land-sea warming contrast are shown in Figure 1a: In the 64 
vertical it is most pronounced near the surface and in the horizontal it is strongest over 65 
the arid subtropical land masses. In the layer from 850 to 500 hPa the dry trade wind 66 
inversions over the East Atlantic and East Pacific warm nearly as strong as the dry air 67 
over the subtropical land masses. The humid Maritime Continent has only a weak land-68 
sea contrast at surface and no land-sea contrast in the lower troposphere. These two 69 
features become clearer in Figure 1b: The Maritime Continent cools above the lowest 70 
levels more ocean-like and the Atlantic warms above the lowest levels more land-like. 71 
The upper boundary of the land-sea warming contrast varies over the individual oceans 72 
and continent (in agreement with Joshi et al. 2008), while in the tropical wide perspec-73 
tive it is at the 400 hPa level (Fig. 1b). In summary it is quite obvious in this figure that 74 
horizontal differences in the warming of each tropospheric level relative to the level’s 75 
mean warming are highest in the lower levels, which are strongest affected by the land-76 
sea warming contrast. Since horizontal temperature gradients are one of the main driv-77 
ers of the longitudinal atmospheric circulation cells, it seems plausible that the land-sea 78 
warming contrast could be an important driver of tropical circulation and SLP changes, 79 
like in Bala et al. (2011), where they show that an artificial land-sea warming contrast 80 
due to geo-engineering enhances the uplift and decreases the SLP over tropical land 81 
masses.  82 
In general there is an important contrary relationship between temperature and 83 
SLP. This can be observed in monsoon circulation and land-sea breeze and is described 84 
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by the Bjerknes Circulation Theorem: Heating at one place and cooling at the other will 85 
induce a nearly direct circulation, with rising air and low SLP at the heat source and 86 
sinking air and high SLP at the heat sink (e.g. Bjerknes et al. 1898; Gill 1980; Thorpe et 87 
al. 2003), assuming that in the tropics the Coriolis force can be neglected.  On regional 88 
scales previous studies (e.g. Hu et al. 2000) found that this relationship can explain the 89 
intensification of the Asian monsoonal circulation by the land-sea warming contrast.  90 
We can now do a first simple thought experiment: We know that there are the 91 
three relatively warm places in the tropics (Indo-Pacific warm pool region, South Ameri-92 
ca and Africa), where the main deep convection takes place and SLP is low (Krueger and 93 
Winston 1974). We also know, that in climate change projections due to land-sea warm-94 
ing contrast two of the three warm places (Africa and South America) warm stronger 95 
than the third one (Indo-Pacific warm pool region, see Fig. 1), because highly available 96 
moisture reduces the warming there. Having the Bjerknes Circulation Theorem in mind 97 
we would expect from this little thought experiment that on large scale the SLP will in-98 
crease over the warm pool region and decrease over  Africa and South America, if land-99 
sea warming contrast is the dominant feature in the SLP trends.  100 
In recent years the tropical SLP response in a warmer climate was often dis-101 
cussed in the context of the weakening of the tropical circulations over the Pacific re-102 
gion, thus also on a more regional than global scale. Since the land-sea warming contrast 103 
acts on a global scale the question arises, if the large scale SLP response in the tropics 104 
can be explained with the land-sea warming contrast?  105 
To describe this relationship between temperature and SLP as precisely as possi-106 
ble the temperature information of the atmosphere and not only of the surface is impor-107 
tant, as indicated by the integration along the circulation path in the Bjerknes Circula-108 
tion Theorem and stated in Flohn (1975). Further, considering only changes in surface 109 
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temperature neglects the potentially important effect of the land-sea warming contrast 110 
in the troposphere. As we will see in the results section the SLP response in a warmer 111 
climate can be described considerably better if the temperature change over the full tro-112 
pospheric circulation domain is considered, thus from surface to tropopause. 113 
The focus of this study is to investigate the link between tropospheric tempera-114 
ture (Ttropos) and SLP changes in climate model simulations of future climate change si-115 
mulations and in observations. We aim to present a simple physical model that can ex-116 
plain a large fraction of the large-scale response of the tropical SLP in a warming climate. 117 
The paper is organised as follows: Section 2 gives an overview of the data used in this 118 
study. This is followed by the first analysis in Section 3, in which we investigate the rela-119 
tion between Ttropos and SLP in the mean seasonal cycle to establish the link between Ttro-120 
pos and SLP. In Section 4 a simple physical model for the tropical SLP response is intro-121 
duced that quantifies the linear relation between Ttropos and SLP. The Ttropos and SLP 122 
trends of a climate change multi model ensemble are examined in Section 5 and 6. The 123 
model simulation analysis is complemented by an idealised land-sea contrast experi-124 
ment in Section 7 and the trends in observations are investigated in Section 8. We con-125 
clude our analysis with a summary and discussion in Section 9. 126 
2. Data 127 
Observed atmospheric temperatures and SLP are taken from the ERA Interim 128 
reanalysis (Simmons et al. 2007) for the available period from 1989 to 2010. Over this 129 
period, the tropical temperature trends are in good agreement with satellite observa-130 
tions (Bengtsson and Hodges 2009). We assume that the reanalysis products are the 131 
best estimates of observed tropospheric temperatures for this study, in particular due to 132 




The future climate change simulation data used are from 23 coupled model simu-135 
lations of the Climate Model Intercomparison Project 3 (CMIP3) data base (Meehl et al. 136 
2007b). We took all simulations from the CMIP3 data base which have atmospheric 137 
temperature and SLP for the IPCC 20C and A1B scenario available, interpolated all data 138 
on a regular 2.5° x 2.5° grid and calculated a multi-model ensemble mean with one en-139 
semble member from each model. Missing atmospheric temperature values due to topo-140 
graphy are interpolated from the levels above, following a moist adiabatic temperature 141 
profile.  142 
Additionally we analyzed a set of sensitivity experiments with the ECHAM5 at-143 
mospheric general circulation model (Roeckner et al. 2003) in T31 horizontal resolution 144 
(3.75° x 3.75°) coupled to a single column mixed layer ocean, as described in 145 
Dommenget (2009).  We analyzed two 50 yrs long sensitivity experiments in which the 146 
land surface temperatures with +1K and -1K differences from a reference climatology 147 
are prescribed; see Dommenget (2009) for details. 148 
For all following analysis we defined the tropospheric temperature, Ttropos, as the 149 
vertical average of mass weighted air temperature from 1000hPa to 100hPa, i.e. approx-150 
imately the entire troposphere. The tropics are defined as the region from 23°N to 23°S. 151 
 152 
3. The Seasonal Cycle of  Tropical SLP and Ttropos 153 
As a starting point for this study, we analyse the observed seasonal changes in 154 
tropospheric temperatures and SLP, as it provides a zero order estimate of the tropical 155 
circulation response to changes in tropospheric temperatures or to external forcing (in-156 
coming solar radiation in this case) in general. In Figure 2a-d we compare the seasonal 157 
mean Ttropos relative to the tropical total mean Ttropos with the seasonal mean SLP relative 158 
to the tropical total mean SLP. We can first of all note that the tropics have three regions 159 
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of relative warm Ttropos over Africa, South America and the Indo-Pacific warm pool region 160 
(including Australia), which are also called the three main ’heat sources’, where the main 161 
deep convection takes place (Krueger and Winston 1974). These warm regions are se-162 
parated by the cooler eastern Pacific and Atlantic and cooler regions towards higher lati-163 
tudes. Following the seasonal cycle these regions shift mostly in north-south directions. 164 
More importantly in the context of this study we can see, that the patterns of relative 165 
Ttropos and SLP in all four seasons are highly anti-correlated with each other (Fig. 2a-d): 166 
The three main ’heat sources’ in the tropics coincide with the regions of lowest SLP 167 
(Matsuno 1966), as expected from the Bjerknes Circulation Theorem. The net mass ex-168 
change with the extra-tropics from season to season is small (despite the flow from 169 
summer to winter hemisphere), so that air masses redistribute mainly within the tropi-170 
cal band.  171 
Another way of illustrating the strong relationship between relative Ttropos and 172 
relative SLP is to regress all four seasonal mean relative Ttropos values against the relative 173 
SLP for all grid points, as shown in Figure 3. The distribution indicates a clear linear rela-174 
tionship between relative Ttropos and relative SLP consistent with the above discussion. 175 
As a first measure of the relation, we obtain from a linear regression a -2.4 hPa change in 176 
SLP per 1 K warming in Ttropos in the seasonal cycle, which can explain 76%  (R² = 0.76) 177 
of the SLP seasonal means with the Ttropos seasonal means. 178 
 179 
4. A Simple Model for Tropical SLP Response to Changes in Ttropos 180 
From simple physical considerations we can build a physical model to estimate 181 
the linear relationship between relative Ttropos and relative SLP in the tropics. Figure 4 182 
illustrates how a regionally different warming of Ttropos can cause a mass redistribution 183 
and therefore a change in SLP. Regarding to the Bjerknes Circulation Theorem we pro-184 
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pose the following mechanism behind the simple model: We consider initially two air 185 
columns with the same temperature and pressure (Fig. 4a). Warming the left column 186 
will expand the air, and cooling the right will contract the air (Fig. 4b). In the real world 187 
the Bjerknes Circulation tries to balance the temperature differences and induces a lat-188 
eral mass flow between the warmer and the colder air column and causes a SLP change. 189 
In our physical model we assume that the heights of the two columns are balanced at the 190 
end again (Fig. 4c). As in a hydrostatic framework the pressure is just the weight of the 191 
mass above we start in our simple model with the hydrostatic equation: 192 
 
with pressure p, density , gravity constant g and air column height h. With 193 
 
we can calculate the isobaric thermal expansion of the air column using ideal gas law, 194 
with temperature T. To balance the heights of the two columns at the end, half of the 195 
height difference is moved from the warmer to the colder air volume. So with both equa-196 
tions we obtain for the SLP change in dependency of the temperature change: 197 
 
Our model assumes lateral mass flow so that the pressure changes of many thin air vo-198 
lumes integrated vertically over the whole column is the same as the mass flow of one 199 
900 hPa thick column, so that the hydrostatic equation can be used. From ERA Interim 200 
we obtain for the mean tropospheric density , troposphere height 201 
 and tropospheric temperature  so that we yield a pressure 202 
change of -1.7 hPa at the surface per K warming of the tropospheric air column above. 203 
This value is close to the statistical regression coefficient found in Fig. 3, indicating that 204 
the simple model describes a significant part of the SLP response to Ttropos. However, 205 
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there is also a statistically significant deviation from the observed relationship, indicat-206 
ing that the model is not a complete match. 207 
There are four assumptions for this model: First, the model only considers rela-208 
tive (inhomogeneous) changes in Ttropos and SLP, which means a mass redistribution only 209 
inside the tropics for SLP and a local heating relative to the tropical average for Ttropos. 210 
Thus the area mean is removed from SLP and Ttropos (as in Fig. 2a-d) before applying the 211 
simple model. A homogenous warming of Ttropos has no effect on SLP, as they would not 212 
induce any regional SLP changes (mass redistribution inside the tropics). The seasonal 213 
changes of the absolute values of Ttropos and SLP (Fig. 2a-d) are an order of magnitude 214 
smaller than the regional differences within one season. Thus the inhomogeneous varia-215 
tions are much more pronounced than the homogeneous. With respect to the seasonal 216 
cycle, we can explain 70% of the SLP changes by the changes in Ttropos (Fig. 3), which is 217 
only 6% less than in the statistical regression. 218 
Second, it is assumed that the Ttropos changes are given and independent of SLP 219 
changes. Thus SLP changes are assumed to be a response to Ttropos, but do not cause 220 
changes in Ttropos. This is a simplification, as changes in SLP or more generally in the at-221 
mospheric circulation will cause changes in Ttropos. However, the main feature in Ttropos 222 
change is the land-sea warming contrast (compare Fig. 1a and 5a top) due to processes 223 
and feedbacks that do not involve atmospheric circulation changes (Joshi et al. 2008; 224 
Dommenget and Flöter 2011). Indeed the tropical land-sea warming contrast can be re-225 
produced very well in a global energy balance climate model that does not simulate at-226 
mospheric circulation changes (Dommenget and Flöter 2011). Thus atmospheric circu-227 
lation feedbacks can be considered as a secondary effect. 228 
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Third, the model does not consider that vertical column extent varies with topo-229 
graphy. Since we interpolated all columns to sea level height, we implicitly assumed that 230 
this topographic effect is of secondary order.  231 
Fourth, a pressure level exists, in which we have nearly no horizontal gradients in 232 
the geopotential height change, so that the mass has to redistribute below this level. This 233 
is best valid at the tropopause layer, which is in the tropics roughly at the 100 hPa level 234 
(not shown). 235 
 236 
5. Projected Trends in the Multi Model Ensemble 237 
Having established the fidelity of our simple model to describe the tropical SLP 238 
response to Ttropos changes over the seasonal cycle, we can now look at the multi model 239 
ensemble mean trends of tropical climate change simulations for the period 1970 to 240 
2099. First we can note that the SLP trend averaged over the entire tropics is 0.05 241 
hPa/100 yrs and is an order of magnitude smaller than the relative trends (about 0.22 242 
hPa/100 yrs; spatial standard deviation of Fig. 5a bottom), indicating that mass flow in 243 
or out of the tropics is small compared to the tropical internal changes. Thus relative SLP 244 
changes in the tropics mark the main signal of tropical SLP changes. In contrast the Ttropos 245 
absolute trend (3.6°C/100 yrs) is about an order of magnitude larger than the relative 246 
trends (up to 0.4°C/100 yrs).  247 
Figure 5a shows the linear trend patterns in relative Ttropos and relative SLP for 248 
the period 1970 to 2099. Relative to the tropical mean warming, the troposphere over 249 
Africa and South America warms most (Fig. 5a top). A second strong relative warming 250 
appears in the very dry trade wind inversions over the eastern parts of the subtropical 251 
Atlantic and South Pacific. In agreement with the available moisture dependence of the 252 
land-sea warming contrast, the models predict a relative cooling over the Indo-Pacific 253 
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warm pole region. Thus the land-sea contrast of surface and mid level warming domi-254 
nates the Ttropos trend pattern. The ensemble mean relative trend of tropical SLP (Fig. 5a 255 
bottom) is mostly the opposite to the Ttropos trend pattern. This roughly zonal structure 256 
shows a mass redistribution from the Atlantic region to the warm pool region, and exhi-257 
bits, as the Ttropos trend pattern, only small seasonal variations (not shown). Again the 258 
strong linear relationship between relative Ttropos and relative SLP trends can be illu-259 
strated by a scatter plot, see Fig. 5b. The linear regression coefficient between all Ttropos 260 
and SLP trend points is -2.0 hPa/K, which is a bit larger in magnitude than the physical 261 
model value of -1.7 hPa/K.   262 
In this scatter plot the ocean grid points are colored in blue and the land grid 263 
points in red. Most ocean grid points have a negative trend in Ttropos and positive trend in 264 
SLP, and vice versa for the land grid points. Thus the relatively clear separation of land 265 
and ocean grid points in this point cloud illustrates again, that the land-sea warming 266 
contrast is the major driver for the tropical SLP changes.  However, even if we look at the 267 
relation between Ttropos and SLP for ocean or land points only we find the same basic li-268 
near relationship. The linear regression coefficient and explained variance (R²) values 269 
are similar for all ocean points and a bit stronger regression coefficient but smaller R² 270 
value for all land points. This mainly suggests that the link between Ttropos and SLP exists 271 
also on the smaller scales (e.g. within the continental regions) and is not just between 272 
land and ocean contrast, underlining the general relevance of Bjerknes Circulation Theo-273 
rem in the tropics. 274 
It is important to note here that the relationship of the surface temperature (Tsurf) 275 
or SST and the SLP is not as clear as the relationship between Ttropos and SLP, because 276 
there are some significant changes in the relative warmings at different levels (see 277 
Fig.1b): At the near surface (below 850hPa) the local land-sea distribution is dominating 278 
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the warming contrast, but at the mid levels from 850hPa-400hPa the large-scale land-279 
sea distribution is more important. In total we get therefore Ttropos trends with a large-280 
scale hemispheric warming contrast between the hemisphere with more land (South 281 
America to Africa) and the hemisphere with mostly ocean (Indo-Pacific).  282 
To underline the importance of considering the whole tropospheric warming in-283 
stead of just the surface warming, we analyze the relation between Tsurf or SST and SLP. 284 
In Fig. 6 the regression of Tsurf (black line) and SST (blue line) shows a much weaker re-285 
gression coefficient of 0.3 hPa/K, which can be explained by the stronger gradients at 286 
the surface than in Ttropos. But more important in the comparison is that with R² = 0.82 287 
Ttropos can explain twice as much of the SLP trends as Tsurf with R² = 0.40 and nearly five 288 
as much as SST with R² = 0.17 in a linear fit.  This figure in comparison with Fig. 5b con-289 
firms as stated in Flohn (1975) that tropospheric temperature can describe the SLP re-290 
sponse in a warming climate considerably better than (sea) surface temperature.  291 
With the Ttropos trends our physical model can explain with 80% only 2% less of 292 
the SLP trends as the statistical regression. The residual SLP trends of the physical mod-293 
el are  shown in Fig. 5c (note the different colorbar): Much of the trend signal is gone, 294 
highlighting that the  model can explain a large part of the SLP trends, and the residuum 295 
trend shows no longer the large scale mass redistribution but more local trends.  296 
The contrary relationship between relative Ttropos and SLP trends can be seen also 297 
very nicely in the meridional mean of the two trend pattern (Fig. 5d), with a correlation 298 
of -0.94 between the red and the blue curve. The dependency of the responses to the 299 
land warming shows up in comparison with the meridional mean of the tropical land 300 
fraction (black line in Fig. 5d), which is smoothed with a running mean of 60° and the 301 
mean value subtracted (correlation of 0.90 with Ttropos and -0.84 with SLP) or in compar-302 
ison with the unsmoothed tropical land fraction (gray shaded area in Fig. 5d, correlation 303 
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of 0.75 with Ttropos and -0.58 with SLP), only disagreeing slightly over the warm pool re-304 
gion. But this can be explained by the small size of the islands of the Maritime Continent, 305 
which leads to a more ocean-like cooling in the layers above the surface due to the close 306 
proximity of the oceans for all land points in coarse resolution models (Fig. 1b).  307 
 308 
6. Projected Trends in the Individual CMIP3 Models 309 
The response of individual IPCC models in the A1B scenario can be quite different 310 
from model to model. It is therefore instructive to discuss the distribution in the rela-311 
tionship between the relative Ttropos and SLP trends for all the IPCC models. Table 1 lists 312 
some important values for all the individual IPCC models. The absolute trends of tropical 313 
Ttropos have with values between 2.2 and 5.5°C/100 yrs, on average 3.6°C/100 yrs, nearly 314 
the same spread and magnitude as the trends of the global mean surface temperature 315 
(Meehl et al. 2007a).  316 
Notable are the global mean SLP trends in the models, which suggest some un-317 
physical trends that will have no impact on the atmospheric circulation. For most mod-318 
els the trends of the tropical SLP is very similar to the global mean trends (correlation of 319 
Tab. 1 column 4 with column 5 = 0.96,  root mean square error = 0.85 hPa) indicating 320 
that the trends of air flow in or out of the tropics is much smaller than the tropical mean 321 
SLP trends would suggest. But with an average of 0.05 hPa/100 yrs the multi model 322 
mean has nearly no change for the absolute tropical SLP. These area mean trends of the 323 
tropics are removed to get the relative trend pattern. The spatial standard deviation of 324 
the relative trend pattern varies between 0.07 and 0.23°C/100 yrs, with an average of 325 
0.14°C/100 yrs for Ttropos and between 0.20 and 0.78 hPa/100 yrs, with an average of 326 
0.37 hPa/100 yrs for SLP.  327 
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The spatial distribution of nearly all IPCC models shows the same characteristic 328 
land-sea contrast pattern in the relative Ttropos and SLP trends (for some models they are 329 
shown in Fig. 8). The question arises, if the strength of the land-sea contrast in SLP 330 
trends in the individual model depends on the strength of land-sea contrast in Ttropos 331 
trends. In Figure 7 the land-sea contrasts in Ttropos and SLP are compared against each 332 
other. For  Ttropos the land-sea contrast is defined as the ratio between the absolute land 333 
and ocean mean warming trend (as defined in  Sutton et al. 2007 for surface 334 
temperature). We can first of all note that the land-sea contrast of Ttropos is an order of 335 
magnitude smaller than the land-sea contrast of Tsurf (in e.g. Sutton et al. 2007), which is 336 
due to much stronger horizontal diffusion in the free atmosphere. For the land-sea con-337 
trast in SLP trends we need a different definition, because the definition as ratio be-338 
tween land and ocean SLP trend would not fit here since the absolute trends are positive 339 
and negative. We therefore define the land-sea contrast for SLP trends on the basis of 340 
the difference between the average ocean and land trends, with ocean weighted with 341 
80% and land with 20% according to their relative fractions in the tropics. Thus large 342 
deviations from zero indicate a strong land-sea contrast, as spatially independent distri-343 
buted trends would yield a value of zero. In this figure we can see, that the models with a 344 
strong land-sea contrast in Ttropos tend to have also a strong land-sea contrast in SLP, 345 
which is also indicated by the regression line in black, which shows with a R² = 0.66 a 346 
significant relation.  347 
We can take a closer look at the Ttropos and SLP trends in some models to get an 348 
idea to what extent the relationship between Ttropos and SLP varies. Fig. 8 shows the rela-349 
tive trend pattern and regressions of four models, which cover a wide range of different 350 
relationships between Ttropos and SLP trends. 351 
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The BCCR-BCM2.0 model has the weakest land-sea contrast in Ttropos and a weak 352 
sea-land contrast in SLP (see Fig. 7, number 1), which can be also seen in the trend pat-353 
tern in Fig. 8a: The strongest warming takes place over the Pacific Ocean and the Atlan-354 
tic Ocean and the SLP trends are mostly the opposite (pattern correlation = -0.74). Thus, 355 
despite the weak land-sea contrast in Ttropos, the linear relation between Ttropos and SLP is 356 
still strong (Fig. 8b, R² = 0.55). The regression of ocean only (blue line) and land only 357 
(red line) grid points yields similar regression coefficients but a higher R² value for 358 
ocean only and a lower for land only. Further the land-sea contrast at surface is with 359 
1.35 in the normal range (not shown) but the land-sea contrast in Ttropos is with 1.01 360 
(Fig.7) very low, indicating that the coupling between surface and troposphere is differ-361 
ent than in the other models.  362 
The MPI-ECHAM5 model has nearly no land-sea contrast in SLP and is in the low-363 
er middle of the land-sea contrast range (see Fig. 7, number 18), but in the Ttropos and SLP 364 
trend patterns in Fig. 8c the land-sea contrast is clearly imposed on both trend patterns. 365 
The SLP trends disagree strongly with our hypothesis above the mountainous regions. 366 
The regression (Fig. 8d) shows a relation between these two patterns (R2 = 0.42) and the 367 
ocean and land grid points are mostly separated, but not directly along the regression 368 
line. The regression for the ocean only and land only grid points has a similar regression 369 
coefficient, but a higher R² value for ocean only and an even weaker for land only.  Here 370 
the land-sea contrast values of Tsurf and Ttropos are both in the normal range, but the land-371 
sea contrast in SLP is very low (Fig. 7), so that in this model the coupling of Ttropos and 372 
SLP over the mountainous regions, seems to be different from the other models.  373 
The GFDL-CM2.1 model is in the upper middle of the land-sea contrast range (see 374 
Fig. 7, number 8) and the trend pattern (Fig. 8e) looks quite similar to those of the multi 375 
model ensemble. The land and ocean points are well separated along the regression line, 376 
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which show with a R² = 0.72 a strong relation (Fig. 8f). The regression for ocean only 377 
and land only is here quite similar to the all grid points regression.  378 
The UKMO-HadCM3 is the model with the strongest land-sea contrast (see Fig. 7, 379 
number 22) and in the trend patterns (Fig. 8g) the land-sea contrast is imposed on both 380 
trend pattern and the amplitudes are stronger than in the multi model ensemble. The 381 
regression (Fig. 8h) shows a clear relation between these two patterns (R² = 0.92) and a 382 
clear separation of ocean and land grid points due to the strong land-sea contrast. Here 383 
again the regression for ocean only and land only is quite similar to the all grid points 384 
regression. In these four models the R² value is higher over ocean than over land, with 385 
bigger differences in the models where we have only a weak land sea contrast in Ttropos 386 
or SLP, so that the interaction over land seems to be the critical point in these models. 387 
Most of the remaining models have trend pattern that are quite similar to the 388 
ones of the multi model ensemble. With pattern correlations between the two trend pat-389 
tern between -0.28 and -0.96, with an average of -0.80 (Tab. 1), we can see that in most 390 
of the IPCC models the SLP trends are strongly related to the Ttropos trends. The statistical 391 
regression of the trend patterns yields values between -1.4 and -2.6 hPa/K (Fig. 9), with 392 
an average of -2.1 hPa/K, and R² values between 0.08 and 0.92, with an average of 0.67. 393 
These regression coefficients are on average again a bit stronger than in the simple 394 
physical model (black dashed line), indicating that the simple model underestimates the 395 
link between Ttropos and SLP. The simple model can explain in the individual IPCC models 396 
between 8% and 84% of the SLP trends, with an average of 63%, but all except one 397 
model explaining more than 40% (Fig. 9).  398 
We conclude that the strong coupling between the Ttropos and SLP trends is evi-399 
dent in most of the models, even if the land-sea contrast is not the dominant signal in the 400 
trends, as in BCCR-CM2.0 model. And models that have a strong land-sea contrast in Ttro-401 
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pos trends tend to have also a strong land-sea contrast in SLP trends.  Further in most of 402 
the models the land-sea contrast is the dominant signal in the trend pattern: As already 403 
stated in the introduction the land-sea contrast depends on available moisture, so that 404 
we expect a stronger warming in Ttropos and decreasing SLP over the South Ameri-405 
can/African sector and a relative cooling in Ttropos and increasing SLP over the Indo-406 
Pacific warm pool region. This is true for nearly all individual models with a strong li-407 
near relation (Fig. 10). 408 
 409 
 410 
7. SLP response in idealized Tland +1 K experiment 411 
We can use a set of atmospheric general circulation model (AGCM) experiments 412 
to investigate how the atmospheric circulation responses to tropical land warming. This 413 
should give some support for the hypothesis that the SLP trends are being primarily a 414 
response to the tropospheric temperature warming pattern, which is dominated by the 415 
land-sea warming contrast. We therefore analyze some experiments of Dommenget 416 
(2009), in which the response of an AGCM to warming of the global land by +1K and 417 
cooling of the global land by -1K is simulated. The SST in the AGCM is free to respond, as 418 
the SST is simulated by a simple single column ocean mixed layer model; see 419 
Dommenget (2009) for details. Thus these experiments are not constructed in a way 420 
that they can exactly reproduce the IPCC runs, as the surface land warming is here pre-421 
scribed homogeneously over all land points, independent from available moisture or 422 
distant to the coasts.  423 
The results are shown in Fig. 11, with the response defined as the difference be-424 
tween the land +1K minus the land -1K divided by 2. The ocean warms much less than 425 
1K in response to the 1K surface land temperature increase (Fig. 11a), as discussed in 426 
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Dommenget (2009), and surface temperature has a very strong land-sea contrast of 5.1.  427 
The relative response of tropospheric temperature is positive over the continents and 428 
mostly negative over the oceans, with higher response over the dry subtropics than over 429 
the wetter tropics (Fig. 11c top), as expected from the land-sea warming contrast. In 430 
agreement with the Bjerknes Circulation Theorem the SLP response is mostly the oppo-431 
site of the Ttropos response (Fig. 11c bottom, pattern correlation -0.89). These patterns 432 
have similar trends as the global warming runs over Africa, the Atlantic, South America 433 
and the Pacific, but disagree in sign over Southeast Asia, the Maritime Continent and 434 
Australia. In the idealised runs we have a clear land-sea contrast signal over the warm 435 
pool region, as they are prescribed, but in the IPCC runs there is no land-sea contrast in 436 
Ttropos and SLP. As stated above this difference can be explained with the experimental 437 
setup of the idealised experiments, where the land-sea contrast is forced by the fixed 438 
land surface temperature change.  439 
A regression between these two response patterns yields a regression coefficient 440 
similar to the sensitivity coefficient of the physical model (2.0 hPa/K, Fig. 11b) and 79% 441 
of the SLP response can be explained by the Ttropos response in a linear fit (77% in the 442 
physical model). The ocean and land grid points are clearly separated along the regres-443 
sion line, indicating that the land-sea contrast is the major forcing in this two trend pat-444 
tern. In summary, in these idealized experiments the trend patterns support our hypo-445 
thesis, that land-sea contrast is the major driver for the large scale SLP response in a 446 
warming climate.  447 
 448 
8. Observed Trends in ERA Interim Reanalysis 449 
We can now look at observed trends in the tropics over the last two decades to 450 
see if a strong relation between relative Ttropos and SLP trends exists there too. However, 451 
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we have to keep in mind a few important differences between the observed and simu-452 
lated trends: first, the observed trends are more uncertain than those of the IPCC scena-453 
rio simulations, due to the much shorter observed time period of 22 yrs versus the 130 454 
yrs of the IPCC scenario simulations used to estimate the trends. Second, it has to be 455 
noted that the trends in the 20th century are weaker than those of the 21th century, 456 
which will lead to a weaker trend signal in the observation compared to the IPCC scena-457 
rio simulations. Third is has to be noted that tropical natural variability, such as El Nino, 458 
has a stronger impact on relative short time period trends, which will decrease the sig-459 
nal to noise ratio in the observations. Last we have to consider that the observations are 460 
just one realization of the warming trend, whereas the IPCC scenario simulations are 23 461 
realizations averaged to one ensemble mean. Thus the observed trends will be much 462 
more uncertain and will contain a much larger fraction of internal natural variability 463 
than the IPCC scenario simulations. 464 
The trend patterns for the period 1989 to 2010 shown in Fig. 12a have some si-465 
milarities with the projected trend pattern of the IPCC models, but the amplitudes over 466 
ocean are larger than those over land. The overall Ttropos warming trend of 1.7°C/100 yrs 467 
lies within the range of trends due to natural variability simulated by a control simula-468 
tion of a coupled ECHAM5 model (Bengtsson and Hodges 2009). Again these two pat-469 
terns are highly anti-correlated (-0.85) and pattern regression yields a regression coeffi-470 
cient of -2.3 hPa/K (Fig. 12b). In the point clouds the land and ocean grid points are only 471 
weakly separated, indicating that land-sea contrast is not dominating this trend pattern. 472 
The regression for ocean only (blue line) and land only (red line) yields similar values as 473 
for all grid points, with a slightly smaller regression coefficient and R² value for land on-474 
ly. The large-scale residuum pattern obtained from the simple model (Fig. 12c) has a 475 
21 
 
quite similar structure as the trend pattern, but weaker amplitudes. The physical model 476 
can explain 68% of the SLP trends. 477 
 478 
9. Summary and Discussion 479 
In the study presented above we address the causes of the large-scale tropical SLP 480 
changes during climate change. Since tropical SLP is an important indicator for the mean 481 
state and variability of the tropical atmospheric circulation we implicitly assume that 482 
the analysis of the tropical SLP changes will provide us a basis for understanding 483 
changes in the tropical atmospheric circulation. The analysis we present was based on 484 
the CMIP3 climate model simulations for future climate change scenarios, the observed 485 
seasonal cycle and on recent observations of trends in the tropical climate. 486 
In summary we found a quite robust and strong relationship between the large-487 
scale trends in tropical Ttropos and SLP. This relationship is physically based on the ther-488 
modynamic response of the SLP to inhomogeneous Ttropos warming. In this picture, the 489 
trends in the Ttropos warming drive the large-scale changes in SLP. This is evident in near-490 
ly all IPCC models, independent if land-sea contrast is dominating the two trend pattern 491 
or not. With the help of a simple physical model we can measure the ratio between the 492 
SLP and Ttropos trends (-1.7 hPa/K) and can predict a large part of the SLP trends if we 493 
know the Ttropos trends. Further the dominating feature of the inhomogeneous Ttropos 494 
warming, which is in most of the IPCC simulations the land-sea contrast, is imprinted 495 
onto the SLP trend pattern as well. This leads to decreased SLP over South America, the 496 
Atlantic and parts of Africa and increased SLP over the tropical Indo-Pacific warm pool 497 
and implies changes in the regional distribution of tropical deep convection. Indeed all 498 
of the IPCC models except one predict increasing SLP and a weaker warming of Ttropos 499 
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over the warm pool region and decreasing SLP and a stronger warming of Ttropos over the 500 
South American/African region (Fig. 10).    501 
In the comparison of the IPCC models it becomes evident that the models that 502 
have a strong land-sea contrast in Ttropos tend to have also a strong land-sea contrast in 503 
SLP. Further we could support our hypothesis with an idealised sensitivity experiment, 504 
in which we prescribed the land warming.  505 
In recent years the tropical SLP response in global warming was often discussed 506 
in context of the enhanced hydrological cycle and the accompanied weakening of the 507 
tropical circulations, as in Vecchi and Soden (2007, hereafter VS07). This discussion, 508 
however, did not consider the second important change of tropical temperature: the 509 
land-sea warming contrast. The question arises: How does our new idea fit in their dis-510 
cussion about the weakening Walker Circulation: Their Fig. 10 (top) is similar to our Fig. 511 
5a (bottom) with a similar tendency in the relative SLP trends over the Indo-Pacific 512 
warm pool region and the tropical Pacific, even though they only considered SLP 513 
changes only over the oceans. VS07 based their argument on the interaction between 514 
SST in this region and the Walker Circulation, but found a disagreement between the SLP 515 
and SST change. Further, it needs to be noted that our simple model does not make any 516 
statement on how the tropical Pacific SST may change, which is central to the VS07 517 
study. The simple model discussed here explains a large fraction of the total SLP trends 518 
over the Indo-Pacific warm pool region (R² = 0.81), but the residuum of this model 519 
shows still a decrease in SLP gradient over the Pacific Ocean that would fit to the VS07 520 
study. In turn, our explanation for the roughly zonal SLP response due to inhomogene-521 
ous Ttropos warming could be the missing piece, why the zonal Walker Circulation wea-522 
kens stronger than the meridional Hadley Circulation: Two of the three main convection 523 
regions (South America and Africa) warm stronger than the third (the Indo-Pacific warm 524 
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pool), which decreases the relative importance of the latter. This zonal inhomogeneous 525 
distribution of the land-sea contrast leads to zonal changes that affect the Walker circu-526 
lation, but do not affect the Hadley circulation that much. Thus it seems that both ap-527 
proaches fit together: VS07 considering the changes in the vertical temperature profile 528 
and this study here the horizontal. However, the results presented in here suggest that 529 
land-sea warming contrast is probably the most important driver of the large scale SLP 530 
change and that future changes in the spatial distribution of relative low SLP, with asso-531 
ciated upward air motion, which would favor deep convection conditions, are strongly 532 
controlled by the relative changes in tropospheric temperatures.  533 
From reanalysis data the question arises, if the trend in the tropical SLP is the 534 
warming climate signal as seen in the IPCC simulations or if it is natural variability. The 535 
trend patterns show some similarities to those in the IPCC simulations, but this trend 536 
lies within the range of natural variability, simulated by a control simulation of a 537 
coupled ECHAM5 model (Bengtsson and Hodges 2009) and both variables have stronger 538 
trends over oceans than over land. Further the negative SLP trend over the Maritime 539 
Continent together with the positive trend over the east Pacific shows an increase in the 540 
zonal SLP gradient over the Pacific, which can be interpreted as an increase in strength 541 
of the Walker Circulation due to natural variability, as proposed by Meng et al. (2011). 542 
The response of equatorial Pacific in a warming climate is a topic of recent research (e.g. 543 
DiNezio et al. 2009; Park et al. 2009) but still model dependent (Latif and Keenlyside, 544 
2009). From these uncertainties in the dynamical response and the short records of ob-545 
servations it is difficult to assess, what part of observed trends is natural variability and 546 
what is climate change. However, the relative trends of Ttropos and SLP in observations 547 
are also strongly related, following mostly the simple thermodynamical model discussed 548 
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Figure captions 628 
Figure 1: (a) Linear trend of IPCC multi model ensemble for the period 1970 to 2099 for 629 
tropospheric temperature at surface and for layers from 1000 to 850 hPa, 850 to 500 630 
hPa, 500 to 300 hPa and 300 to 100 hPa; area mean trend of 2.4°C/100 yrs, 2.6°C/100 631 
yrs, 3.0°C/100 yrs, 4.2°C/100 yrs and 4.6°C/100 yrs respectively (from bottom to top) 632 
removed; (b) as in (a) but here the vertical profile averaged over the named oceans and 633 
continents between 23°S and 23°N.  634 
Figure 2: Seasonal mean Ttropos (top) and SLP (bottom) in ERA Interim relative to the 635 
tropics area total mean in (a) DJF (-10.0°C, 1011.8 hPa, -0.85) (b) MAM (-9.6°C, 1011.6 636 
hPa, -0.87), (c) JJA (-9.9°C, 1012.7 hPa, -0.89) and (d) SON (-9.9°C, 1012.1 hPa, -0.87); 637 
values in brackets are the subtracted area mean for Ttropos, SLP and the pattern correla-638 
tion between the two patterns, respectively.  639 
Figure 3: Regression between relative Ttropos and SLP pattern from Fig. 2a-d for all four 640 
seasons together. 641 
Figure 4: Schematic of the physical model (for details see text).  642 
Figure 5: (a) as Fig. 2 but for linear trend of the IPCC multi model ensemble for the pe-643 
riod 1970 to 2099; area mean trend removed (3.6°C/100 yrs for Ttropos and 0.05 hPa/100 644 
yrs for SLP); (b) regression of the two trend pattern in (a); (c) residuum of relative SLP 645 
trend after applying the physical model to multi model ensemble data, (d) meridional 646 
mean of the two trend pattern in (a) and land fraction of the area between 23°S and 647 
23°N in black, smoothed with a running mean of 60° and mean value subtracted; the 648 




Figure 6: Linear regression between relative trends of Tsurf (Fig. 1a bottom) and SLP (Fig. 651 
5a bottom) in the IPCC multi model ensemble for the period 1970 to 2099. 652 
Figure 7: Land-sea contrast in the individual IPCC models and the multi model ensemble 653 
(circle) for Ttropos on the x-axis and SLP on the y-axis; for the definition of the land-sea 654 
contrast see text; the black line is the regression line with R² = 0.66. 655 
Figure 8: as Fig. 5a-b, but in (a) and (b) for BCCR-BCM2.0, in (c) and (d) for MPI-656 
ECHAM5, in (e) and (f) for GFDL-CM2.1 and in (g) and (h) for UKMO-HadCM3 climate 657 
model. 658 
Figure 9: Comparison of regression coefficient and explained variance of the physical 659 
model in the individual IPCC models and the multi model ensemble (circle), black 660 
dashed line represents the corresponding sensitivity coefficient of the physical model. 661 
Figure 10: Comparison of the “eastern” hemispheric (60°E-120°W, 23°S-23°N) minus 662 
“western” hemispheric (120°W-60°E, 23°S-23°N) trend of Ttropos (on x-axis) and SLP (on 663 
y-axis) of the individual IPCC models and the multi model ensemble (circle); the black 664 
line is the regression line with R² = 0.79.   665 
Figure 11: (a) absolute difference of Tsurf in the idealised Tland ±1K experiment; (b) and 666 
(c) as Fig. 5a-b, but here the relative difference of the idealised experiment, area mean 667 
response of 0.6°C for Ttropos and -0.05 hPa for SLP removed, pattern correlation = -0.89. 668 
Figure 12: as Fig. 5 but here for the ERA Interim reanalysis data in the period 1989 to 669 
2010; area mean trend removed in (a): 1.7°C/100 yrs for Ttropos and -1.2 hPa/100 yrs for 670 
SLP.  671 
  672 
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Table captions 673 
Table 1: Some statistical values of all IPCC models investigated in this study:  674 
1spatial standard deviation of the relative trend pattern; 2for the two relative trend pat-675 
tern of SLP and Ttropos 676 
Figures
Figure 1: (a) Linear trend of IPCC multi model ensemble for the period 1970 to 2099 for tropospheric
temperature at surface and for layers from 1000 to 850 hPa, 850 to 500 hPa, 500 to 300 hPa and 300 to 100 hPa;
area mean trend of 2.4oC/100 yrs, 2.6oC/100 yrs, 3.0oC/100 yrs, 4.2oC/100 yrs and 4.6oC/100 yrs respectively
(from bottom to top) removed; (b) as in (a) but here the vertical proﬁle averaged over the named oceans and
continents between 23oS and 23oN.
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Figure 2: Seasonal mean Ttropos (top) and SLP (bottom) in ERA Interim relative to the tropics area total mean
in (a) DJF (-10.0oC, 1011.8 hPa, -0.85) (b) MAM (-9.6oC, 1011.6 hPa, -0.87), (c) JJA (-9.9oC, 1012.7 hPa, -0.89)
and (d) SON (-9.9oC, 1012.1 hPa, -0.87); values in brackets are the subtracted area mean for Ttropos, SLP and
the pattern correlation between the two patterns, respectively.
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statistical regression (r = −2.4 hPa / K, R2 = 0.76 )
physical model (r = 1.7 hPa / K, R2 = 0.70 )
Figure 3: Regression between relative Ttropos and SLP pattern from Fig. 2a-d for all four seasons together.
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Figure 4: Schematic of the physical model (for details see text).
4
Figure 5: (a) as Fig. 2 but for linear trend of the IPCC multi model ensemble for the period 1970 to 2099; area
mean trend removed (3.6oC/100 yrs for Ttropos and 0.05 hPa/100 yrs for SLP); (b) regression of the two trend
pattern in (a); (c) residuum of relative SLP trend after applying the physical model to multi model ensemble
data, (d) meridional mean of the two trend pattern in (a) and land fraction of the area between 23oS and 23oN
in black, smoothed with a running mean of 60o and mean value subtracted; the grey ﬁlled area is the unsmoothed
meridional mean of land fraction, with y-axis on the right.
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statistical regression (r = −0.3 hPa / K, R2 = 0.40 )
stat. reg. ocean only (r = −0.3 hPa / K, R2 = 0.17 )
stat. reg. land only (r = −0.6 hPa / K, R2 = 0.61 )
ocean grid points
land grid points
Figure 6: Linear regression between relative trends of Tsurf (Fig. 1 bottom) and SLP (Fig. 5a bottom) in the






































































Land−Sea Contrast in CMIP3 models
Figure 7: Land-sea contrast in the individual IPCC models and the multi model ensemble (circle) for Ttropos on
the x-axis and SLP on the y-axis; for the deﬁnition of the land-sea contrast see text; the black line is the
regression line with R2 = 0.66.
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Figure 8: as Fig. 5a-b, but in (a) and (b) for BCCR-BCM2.0, in (c) and (d) for MPI-ECHAM5, in (e) and (f)












































































Comparison of CMIP3 models
Figure 9: Comparison of regression coeﬃcient and explained variance of the physical model in the individual
IPCC models and the multi model ensemble (circle), black dashed line represents the corresponding sensitivity
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Comparison of hemispheric response in CMIP3 models
Figure 10: Comparison of the eastern hemispheric (60oE   120oW; 23oS   23oN) minus the western hemispheric
(120oW   60oE; 23oS   23oN) trend of Ttropos (on x-axis) and SLP (on y-axis) of the individual IPCC models
and the multi model ensemble (circle); the black line is the regression line with R2 = 0:79.
10
Figure 11: (a) absolute diﬀerence of Tsurf in the idealised Tland 1K experiment; (b) and (c) as Fig. 5a-b, but
here the relative diﬀerence of the idealised experiment, area mean response of 0.6oC for Ttropos and -0.05 hPa for
SLP removed, pattern correlation = -0.89.
11
Figure 12: as Fig. 5 but here for the ERA Interim reanalysis data in the period 1989 to 2010; area mean trend
removed in (a): 1.7oC/100 yrs for Ttropos and -1.2 hPa/100 yrs for SLP.
12
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[hPa K-1] 2 
R² value of 
stat. 
regression2 





3.6 0.10 0.05 -0.10 0.22 -0.90 -2.0 0.82 0.80 
BCCR-BCM 2.0 3.1 0.08 0.40 0.27 0.25 -0.74 -2.4 0.55 0.51 
CGCM3.1(T63) 4.2 0.12 -0.24 -0.34 0.30 -0.79 -2.0 0.62 0.61 
CGCM3.1(T47) 3.7 0.11 -0.16 -0.29 0.28 -0.85 -2.1 0.71 0.69 
CNRM-CM3 3.8 0.12 0.45 0.28 0.32 -0.81 -2.2 0.65 0.62 
CSIRO-MK3.0 2.6 0.11 -0.12 -0.20 0.23 -0.70 -1.4 0.50 0.48 
CSIRO-MK3.5 4.0 0.17 -0.26 -0.30 0.47 -0.88 -2.4 0.77 0.70 
GFDL-CM2.0 3.8 0.15 -0.16 -0.33 0.36 -0.94 -2.2 0.88 0.84 
GFDL-CM2.1 3.8 0.14 0.34 0.18 0.34 -0.85 -2.0 0.72 0.70 
GISS-AOM 2.9 0.10 0.17 0.18 0.24 -0.79 -1.9 0.62 0.62 
GISS-EH 3.2 0.14 0.08 -0.24 0.37 -0.92 -2.4 0.84 0.76 
GISS-ER 3.2 0.13 0.06 -0.27 0.36 -0.91 -2.5 0.83 0.74 
IAP-FGOALS1.0 2.8 0.11 0.11 -0.17 0.21 -0.75 -1.5 0.57 0.56 
INGV-SXG 3.3 0.12 0.01 -0.18 0.78 -0.28 -1.8 0.08 0.08 
INM-CM3.0 3.0 0.12 -0.26 -0.29 0.31 -0.93 -2.4 0.86 0.79 
IPSL-CM4 4.2 0.14 -0.13 -0.37 0.34 -0.83 -2.0 0.70 0.68 
MIROC3.2(hires) 5.5 0.20 0.53 0.43 0.53 -0.70 -1.9 0.50 0.49 
MIROC3.2(medres) 4.1 0.21 0.43 0.30 0.53 -0.88 -2.3 0.78 0.73 
MPI-ECHAM5 4.6 0.15 -0.03 -0.22 0.40 -0.65 -1.8 0.42 0.42 
MRI-CGCM2.3.2 3.0 0.11 -0.02 -0.16 0.28 -0.76 -2.0 0.59 0.57 
NCAR-CCSM3 3.2 0.14 0.33 0.25 0.29 -0.77 -1.6 0.59 0.58 
NCAR-PCM 2.2 0.07 0.21 0.04 0.20 -0.92 -2.4 0.84 0.76 
UKMO-HadCM3 3.6 0.23 -0.74 -0.88 0.62 -0.96 -2.6 0.92 0.81 
UKMO-HadGEM1 3.9 0.17 0.23 0.01 0.45 -0.89 -2.3 0.80 0.74 
Average 3.6 0.14 0.05 -0.10 0.37 -0.80 -2.1 0.67 0.63 
1spatial standard deviation of the relative trend pattern; 2 for the two relative trend pattern of SLP and Ttropos. 
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